ABSTRACT
INTRODUCTION
Several heavy metals are essential for plant growth and development, but their excess can easily lead to toxic effects. Among them Cu(II) is known to be toxic at high concentrations for photosynthetic organisms (Clijsters and van Asche, 1985; Maksymiec, 1997) . Extensive in vitro studies have shown that photosystem II (PSII) is more susceptible to copper toxicity (for review see Droppa and Horváth, 1990; Barón et al. 1995) than photosystem I (PSI) (Ouzounidou et al. 1997) . Both acceptor and donor sides of PSII have been proposed as copperinhibitory sites. At the acceptor side, the Q B binding site (Mohanty et al. 1989 ) and the Pheo-Fe-Q A domain (Yruela et al. 1991 (Yruela et al. , 1992 (Yruela et al. , 1993 (Yruela et al. , 1996a have been reported. Evidences that copper ion impairs the function of the oxidising side has been reported ( Cedeño-Maldonado et al. 1972; Vierke and Struckmeier, 1977; Shioi et al. 1978a,b; Bohner et al. 1980; Samuelsson and Öquist, 1980) . It has been shown that the electron flow from Tyr z to P680 + is blocked by Cu(II) (Schröder et al. 1994; Arellano et al. 1995) . Indeed, Králova et al. (1994) and Sersen et al. (1997) have proposed that Cu(II) interacts not only with Tyr z but also with Tyr D on D2 protein. A possible direct interaction between copper and calcium at the oxidising side of PSII was also shown both in vitro (Sabat, 1996) and in vivo (Maksymiec and Baszynski, 1999) . Additional effects of Cu(II) toxicity on both donor and acceptor sides have been reported using higher copper concentrations.
In such conditions the Mn-cluster and the extrinsic proteins on the donor side can be affected. Interaction of copper with the non-heme Fe 2+ and cytochrome (Cyt) b 559 on the acceptor side has been also reported. (Renger et al. 1993; Sersen et al. 1997; Jegerschöld et al. 1995 Jegerschöld et al. , 1999 .
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The photosynthetic activity decreases when oxygenic organisms are exposed to prolonged illumination with high light intensities. This process which includes the functional impairment of PSII electron transport and the structural damage of the PSII reaction centre is known as photoinhibition (Aro el al. 1993 ).
The influence of Cu(II) toxicity on photoinhibition has also been investigated (Yruela et al. 1996b; Pätsikkä et al. 1998 ) demonstrating that Cu(II) enhances the adverse effects of excess light on PSII. Over the past 10 years the participation of Cyt b 559 in a redox mechanism to protect PSII against donor and acceptor side photoinhibition has been proposed (for review see Stewart and Brudvig, 1998) .
Evidence that Cyt b 559 prevents the overreduction of PSII acceptor side have been reported (Nedbal et al. 1992; Poulson, 1995) . On the other hand, it was postulated that the role of this heme protein is to act as an auxiliary electron donor delivering electrons to oxidised chlorophylls in the PSII reaction centre (Buser et al. 1992; Faller et al. 2001 ).
Cytochrome b 559 can exhibit several redox potential forms, a labile highpotential (HP) form with a midpoint redox potential (E' m ) around +400 mV, a intermediate potential (IP) form ranging from +200 to +150 mV and a low-potential (LP) form with an E' m value from +70 to +20 mV (Stewart and Brudvig, 1998; Kaminskaya et al. 1999; Mizusawa et al. 1999; Roncel et al. 2001) . The IP form has been proposed to be a protonated LP form (Roncel et al. 2001) . The HP form dominates in thylakoids and PSII membranes with an intact water-oxidizing complex. Several authors have reported that photoinhibition induces changes in the redox properties of Cyt b 559 (Styring et al. 1990; Allakhverdiev et al. 1997; Ortega et al. 1999) . The conversion of the HP to the LP form has been observed during photoinhibitory illumination in native PSII membranes (Ortega et al. 1999 ).
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Cu(II) interaction with Cyt b 559 has been reported earlier (Jegerschöld et al. 1995; Yruela et al. 1996b) , however no data on its specific action during photoinhibition have been shown. 12-20% (w/v) acrylamide linear gradient gels containing 6 M urea according basically to Laemmli (1970) . The gels were either stained with Coomassie B-Blue 250 or electroblotted to identify D1 and α-subunit of Cyt b 559 proteins, respectively. After transferring to a nitrocellulose membrane, proteins were detected with a rabbit anti-D1 or anti-Cyt b 559 α-subunit. To do that, the nitrocellulose membrane was cut across in two parts. Upper and lower parts of the membrane revealed the D1 and α-subunit of Cyt b 559 , respectively, using goat anti-rabbit IgG coupled to horseradish peroxidase as a secondary antibody. To obtain extrinsic protein markers the spinach PSII membranes at 0.5 mg mL -1 were suspended in 0.8 M Tris-HCl (pH 9.1), 5 mM EDTA and incubated for two hours in darkness. Then, the membranes were treated with 1.5 M NaCl for 30 min in darkness, centrifuged at 35,000 x g for 20 min and washed twice with 20 mM NaCl, 0.4 M sucrose and 50 mM Mes-NaOH (pH 6.5). The supernatants containing the extrinsic proteins were concentrated with Centripep tubes (Amicon, cut-off 10,000 kDa) and used as marker in electrophoresis assays (Mizusawa et al. 1999 ).
Optical measurements.-Difference absorption spectra were recorded using 1-cm optical pathlength cuvettes at 10ºC with a Beckman DU 640
spectrophotometer. The content of HP and LP forms of Cyt b 559 was determined from the difference absorption spectra in the 510-600 nm region. A differential extinction coefficient of 21 mM -1 .cm -1 at the maximum at 559 nm minus the minimum at around 570 nm (Stewart and Brudvig, 1998) was used. Samples at 50
μg Chl ml -1 in 25 mM Mes-NaOH, pH 6.5, 10 mM NaCl and 0.3 M sucrose were in oxygen-evolving PSII membranes was also found by others in preparations from pea (Roncel et al. 2001) . Reductive potentiometric redox titrations at pH 6.0
showed clearly the existence of two different components with E' m of +397 mV and +206 mV in spinach PSII membranes; the named HP and LP potential forms (Fig. 2) . In the case of sugar beet preparations, only one redox component with an E' m of +162 mV was found. correspond to a 40-50% inactivation of photosynthetic electron transport at pH 6.5 after 1 min incubation in the dark at 23 ºC (Yruela et al. 1991 (Yruela et al. ,1993 .
Effect of Cu(II) on oxygen-evolution activity during illumination.
The effect of photoinhibitory illumination on the oxygen evolution activity was examined in both spinach and sugar beet PSII membrane preparations treated with toxic Cu(II) concentrations at different pH conditions. The Cu(II) concentrations used were the same as described above. The results were compared with those obtained in control preparations with no addition of copper.
The time course of oxygen evolution activity was similar in both spinach and sugar beet PSII membranes during illumination treatment at pH 5.0-7.8 (Fig. 3) . The loss of activity was markedly faster in Cu(II)-treated than in untreated samples consistent with previous results (Yruela et al. 1996b) . The data also indicate that damage caused by illumination is faster at slightly acid (pH 5.0) or basic (pH 7.8)
conditions than at pH 6.0. The results would also indicate that a pH 7.8 the HP form and a portion of the LP form is affected in these conditions.
Effect of Cu(II) on redox potential forms of
In order to better investigate if the HP form is more sensitive to toxic Cu(II) than the LP Cyt b 559 and considering that at pH 7.8 both HP and LP forms are 11 affected we measured the absorption spectral changes in the 510-600 nm region induced by the sequential addition of ferricyanide, hydroquinone and dithionite at pH 5.0 and 6.0. At pH 6.0, the initially reduced HP Cyt b 559 in the control PSII membranes from spinach (Table I ) decreased by 40% after 5 min of illumination being almost lost after 20 min (Fig. 5B) 
Effect of Cu(II) on polypeptide composition of PSII during illumination.
Taking into account that at pH 5.0-6.0 more intact PSII complexes exist than at pH 7.8, in terms of the donor side of PSII, and data at these pH values In order to know if the 30% decrease of total Cyt b 559 content observed in the spectroscopic determinations at pH 6.0 (Fig. 4B ,5B) corresponds to degradation of the heme-protein, immunoblot assays were done. Data show that α-subunit of Cyt b 559 was not degraded under these conditions and Cu(II) does not stimulate the degradation of this heme protein (Fig. 6B) . We also observed that D1 protein of the PSII reaction centre is not degraded during illumination indicating the extend of the photoinhibitory treatment applied.
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DISCUSSION
In this work we report the photoinhibition effect on Cyt b 559 of oxygenevolving PSII membranes treated with toxic copper at pH within the 5.0-7.8 range under aerobic conditions. We have taken special care in controlling the Cu(II)
concentrations used in our experiments in order to avoid secondary effects on the integrity of PSII complexes (Yruela et al. 2000) . Two different types of oxygenevolving PSII membrane preparations were investigated that differed in the content of the HP and LP forms of Cyt b 559 (Fig. 2) . This allowed the comparison of photoinhibition effects on both types of preparations in control conditions place. The former is discarded based on our results (Fig. 2) ; the second one in thermodynamic terms might be if the oxidizing agent were the redox couple Cu(I)/Cu (E' m,7 = +521 mV). Cu(II) can be reduced via oxygen radical species
to Cu(I) under aerobic conditions. However, our results do not support this possibility since we do not observed that the redox potential of the medium to become more positive than +400 mV by addition of CuI(II). Thus, another oxidation mechanism should be considered. Recently, we have obtained information about the structure and the electronic distribution of Cyt b 559 heme group in PSII reaction center preparations based on CW-EPR and HYSCORE experiments García-Rubio et al. 2003) . Our results indicate that the exchangeable electron is localized in a confined iron orbital with a negligible mixture of nitrogen p-orbitals in the heme group of Cyt b 559 . This makes very unlikely that any substrate or reactant can be located close enough to the active site for a direct one-step electron exchange. The transfer mechanism could be better understood if it were a multistage complex process where the iron acts as a final reservoir. Our investigations suggest that redox processes will depend in a complex way on the whole protein conformation.
Interestingly, we observed the rapid loss of oxygen evolution activity as based on a conversion mechanism involving different redox components of this heme protein (Gadjieva et al. 1999; Ortega et al. 1999) . In this sense our results
show similar rate of oxygen evolution during photoinhibition in the two kinds of observed, however at pH 6.0-7.8 total Cyt b 559 was rapidly affected (Fig. 4) . This pH-dependence suggests that Cu(II) interaction with Cyt b 559 takes place at a protonatable amino acid residue. It is well established that the His residue has a high affinity to bind copper, and evidence that Cu(II) inhibits photosynthetic complexes from purple bacteria by binding to His residues have been reported (Utschig et al. 2000 (Utschig et al. , 2001 Rao et al. 2000) . It has been suggested that in the HP form one of the two His ligands of heme group is protonated and forms a hydrogen bond with a carbonyl group of the protein backbone providing a highly hydrophobic environment surrounding the heme group. Such ambience is considered essential for the maintenance of the unstable HP form of Cyt b 559 (Berthomieu et al. 1992; Roncel et al. 2001) . These authors also proposed that reported by others in fresh preparations (Styring et al. 1990; Mor et al. 1997) , although the molecular mechanism involved in the conversion between the Cyt b 559 forms is not clear at present. These findings indicate that Cu(II) interaction with Cyt b 559 could impair the conversion process to the more stable LP form. The LP form was not affected (spinach and sugar beet preparations) in both control and Cu(II)-treated preparations during illumination at pH 5. 0-6.0 . Surprisingly, at pH 5.0 the extent of Cu(II) effect on the HP form was less than at pH 6.0 although this finding could be due to a protein conformational change at this low pH preventing the Cu(II)-induced damaging effect. In view of these considerations,
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we suggest that the higher sensitivity of the HP form of Cyt b 559 to photoinhibition in the presence of Cu(II) could be due to blocking of its conversion to the LP form.
The destabilisation of the heme group did not involve cytochrome protein degradation.
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TABLE I
Cytochrome b Other experimental conditions as in Fig. 3 . 
